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The blood-spinal cord barrier (BSCB) regulates molecular exchange between blood and spinal cord. 
Pericytes are presumed to be important cellular constituents of the BSCB. However, the regional 
abundance and vascular functions of spinal cord pericytes have yet to be determined. Utilizing wild- 
type mice, we show that spinal cord pericyte capillary coverage and number compared with the brain 
regions are reduced most prominently in the anterior horn. Regional pericyte variations are highly 
correlated with: (1) increased capillary permeability to 350 Da, 40,000 Da, and 150,000 Da, but not 
2,000,000 Da fluorescent vascular tracers in cervical, thoracic, and lumbar regions and (2) diminished 
endothelial zonula occludens-1 (ZO-1) and occludin tight junction protein expression. Pericyte-deficient 
mutations {Pdgfrp'^^^'^^ mice) resulted in additional pericyte reductions in spinal cord capillaries leading 
to overt BSCB disruption to serum proteins, accumulation in motor neurons of cyotoxic thrombin and 
fibrin and motor neuron loss. Barrier disruption in perciyte-deficient mice coincided with further 
reductions in ZO-1 and occludin. These data suggest that pericytes contribute to proper function of the 
BSCB at the capillary level. Regional reductions in spinal cord pericytes may provide a cellular basis for 
heightened spinal cord barrier capillary permeability and motor neuron loss. 
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Introduction 

The blood-brain barrier (BBB) and blood-spinal cord 
barrier (BSCB) tightly regulate the blood-central 
nervous system (CNS) molecular exchange required 
for normal neuronal function (Zlokovic, 2008, 2011). 
In contrast to the highly permeable capillaries in the 
systemic circulation (Mann et al, 1985), blood-CNS 
vascular barriers are formed by continuous endothe- 
lial cells with tight junction protein complexes and 
low rates of vesicular transport (Winkler et al, 2011). 
This largely prohibits transport of large molecules 
and polar solutes without specific transport systems 
(Zlokovic and Apuzzo, 1997; Zlokovic, 2011). 
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Although the BBB and BSCB are functionally similar, 
many differences have been identified (Bartanusz 
et al, 2011). For example, the rodent BSCB has 
heightened permeability to mannitol and inulin 
(Daniel et al, 1985; Prockop et al, 1995), interferons 
(Pan et al, 1997a), albumin, sucrose, and tumor 
necrosis factor a (Pan et al, 1997b). The source of 
these permeability changes is largely unknown, 
although reduced tight junction protein expression 
in the spinal cord has been reported (Ge and Pachter, 
2006). 

Pericytes are multifunctional members of the 
neurovascular unit (Armulik et al, 2011; Winkler 
et al, 2011). Pericytes ensheathe microvascular 
endothelial cells covering much of the vascular wall 
(Bell et al, 2012). Central nervous system pericytes 
have been demonstrated to promote development 
and maintenance of the BBB (Armulik et al, 2010; 
Bell et al, 2010; Daneman et al, 2010; Li et al, 2011), 
regulate capillary structure (Armulik et al, 2010; Bell 
et al, 2010; Enge et al, 2002; Hellstrom et al, 2001) 
and diameter (Armulik et al, 2010; Li et al, 2011; 
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Lindahl et al, 1997; Peppiatt et al, 2006), controver- 
sially, modulate capillary blood flow (Bell et al, 
2010; Fernandez-Klett et al, 2010; Peppiatt et al, 
2006), and participate in spinal cord scar formation 
(Goritz et al, 2011). 

Although, pericytes are important cellular consti- 
tuents of the BSCB (Bartanusz et al, 2011), their role 
in BSCB formation, maintenance and/or function is 
not known. Whether significant variations between 
brain and spinal cord pericyte populations exist and 
the functional consequences therein have been 
largely unexplored. In the present study, we ana- 
lyzed pericyte populations and changes in barrier 
properties in multiple brain and spinal cord regions 
in mice under physiologic conditions and in peri- 
cyte-deficient mice. 

Materials and methods 

Animals 

All experimental protocols and animal handling procedures 
were performed in accordance with the National Institutes of 
Health (NIH, USA) guidelines for the use of experimental 
animals and the experimental protocols were approved by 
the Institutional Animal Care and Use Committee at the 
University of Southern California. Adult 2-month-old male 
B6SJLF1/J mice devoid of CNS neuropathology were 
purchased from Jackson Laboratories (Bar Harbor, ME, 
USA). Adult male 4- to 6-month-old pericyte-deficient 
PdgfrP^^^^^ mice on a 129Sl/SvlmJ background were gener- 
ated and maintained as described (Tallquist et al, 2003). 
Adult 4- to 6-month-old nontransgenic 129Sl/SvlmJ 
littermates were used as controls for Pdgfrj]^^^^^ mice. Adult 
13-month-old PdgfrP^^^^^ mice and 13-month-old nontrans- 
genic 129Sl/SvlmJ littermates were utilized for neuronal 
analysis. 



Tissue Preparation 

Animals were anesthetized with intraperitoneal injection 
of lOOmg/kg ketamine and lOmg/kg xylazine and transcar- 
dially perfused with phosphate-buffered saline (PBS) 
containing 5mM EDTA (Sigma- Aldrich, St Louis, MO, 
USA). In a separate set of studies, mice were intravenously 
injected with 0.1 mL of Alexa Fluor 546-conjugated 
cadaverine diluted 0.5/ig//iL. Cadaverine was allowed to 
circulate for 2 hours and then mice were transcardially 
perfused. The brains were excised from the skull and 
prepared for subsequent analysis. For spinal cord isolation, 
mice were decapitated and the vertebral column was 
dissected. An 18-gauge needle attached to a 3-mL syringe 
was placed in the sacral opening of the vertebral column 
and the intact spinal cord was discharged with cold PBS. 
Once isolated, the brain and spinal cords were either 
prepared for micro vessel isolation (see below), immersion 
fixed in 4% PFA (paraformaldehyde) (Sigma- Aldrich) 
overnight at 4°C, or embedded in optimal cutting tempera- 
ture compound (Tissue-Tek, Torrance, CA, USA). Fixed 
tissues were sectioned at a thickness of 40 fim with a Leica 



VTlOOOS vibrating blade microtome (Leica Instruments, 
Nussloch, Germany) in preparation for immunofluorescent 
analysis. Tissues embedded in optimal cutting temperature 
were cryosectioned at a thickness of 14 fim and subse- 
quently fixed in ice-cold acetone in preparation for 
immunofluorescent analysis. 

Microvessel Isolation 

Following tissue removal, microvessels were isolated as we 
previously described for the brain (Bell et al, 2010; Zlokovic 
et al, 1993, 2000) and spinal cord (Zhong et al, 2008, 2009). 
Meninges and large pial vessels were carefully removed and 
regions of interest including cortex, caudate, hippocampus, 
cervical, thoracic, and lumbar spinal cord were isolated 
under a dissecting microscope. White matter was excised 
and discarded from each region. The spinal cord was 
bisected and only anterior portions were used for isolation. 
Identical regions from five individual mice were pooled to 
maximize yield from each preparation. Tissue was then cut 
into small pieces with a scalpel (~1 to 2mm in size) and 
homogenized in a Bounce homogenizer containing PBS 
with 2% FBS (fetal bovine serum) (Invitrogen, Carlsbad, CA, 
USA). Homogenate was centrifuged at 6000 g for 20 minutes 
in 18% dextran solution (MW: -70,000 Da; Sigma- Aldrich) 
in PBS containing 2% FBS. Following centrifugation, 
floating glial and neuronal elements were gently aspirated 
and the vascular pellet was resuspended in PBS containing 
2% FBS. Isolated microvessels were then passed through a 
100-jum cell strainer to remove larger vessels and debris. 
Flow through was collected and then passed through a 40- 
fiui cell strainer to remove red blood cells. Microvessels 
were trapped on top of cell strainer, which was subse- 
quently inverted and rinsed to collect microvessels in 50 mL 
conical tube. A small aliquot was visualized at x 10 
magnification with a standard light microscope to confirm 
purity and yield. Microvessel preparations from each region 
were adhered to glass histology slides using a Cytospin III 
Cytocentrifuge (Shandon, Pittsburgh, PA, USA) and fixed in 
4% PFA for 20 minutes for immunofluorescent analysis. 
Three independent preparations were utilized for all studies 
(15 mice in total). 

Immunofluorescent and Fluorescent Analysis 

Free-floating 40 fim thick PFA-fixed coronal brain and 
spinal cord sections were initially blocked and permeabi- 
lized with 10% swine serum (Vector Laboratories, Burlin- 
game, CA, USA) containing 0.1% Triton X-100 (Sigma- 
Aldrich). Sections were then incubated in the following 
primary antibodies: goat a-mouse CD13 (lO^ug/mL; R&D 
Systems, Minneapolis, MN, USA), goat a-mouse platelet- 
derived growth factor receptor j] (PDGFRj5) (10 ^g/mL; R&D 
Systems), mouse a-mouse neuronal-specific antigen A60 
(NeuN) (1:100, EMD Millipore, Billerica, MA, USA) or 
rabbit a-mouse collagen IV (1:200, EMD Millipore). To 
visualize pericytes, sections were then incubated in bovine 
anti-goat Cy3 (Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA) diluted 1:100 to detect CD13 or PDGFRj5. 
To visualize endothelial cells, sections were incubated in 
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either donkey anti-rabbit Alexa Fluor 488 (Jackson 
ImmunoRe search) diluted 1:100 to detect collagen IV or 
biotin-labeled Lycoperiscon esculentum (tomato) lectin 
(Vector Labs) diluted 1:100. Sections treated with lectin 
were then incubated in Dylight 649-conjugated streptavi- 
din (Vector Labs) to detect endothelial-specific fluorescent 
signal. Nuclei were detected with Hoechst 33342 (Invitro- 
gen) diluted 1:10,000. 

In a separate set of studies, 14 /im thick acetone fixed 
coronal spinal cord sections were blocked with 10% swine 
serum. Sections were then incubated in the following 
primary antibodies: goat a-mouse CD13 (lO^tig/mL, R&D 
Systems), mouse a-mouse desmin (1:100, Dako, Carpinteria, 
CA, USA), rabbit a-mouse collagen IV (1:200, EMD Milh- 
pore), rabbit a-human fibrin which cross reacts with mouse 
fibrin (1:500, Dako), goat a-mouse thrombin (1:50, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), mouse a-mouse 
zonula occludens-1 (ZO-1) (1:50, Invitrogen), mouse a-mouse 
occludin (1:50, Invitrogen), mouse a-mouse neuronal- 
specific antigen A60 (NeuN) (1:100, EMD Millipore) and 
goat anti-mouse ChAT (choline acetyl transferase) (1:50, 
EMD Millipore). To visualize pericytes, sections were incu- 
bated in bovine anti-goat Cy3 or donkey anti-mouse Cy3 
(Jackson ImmunoRe search Laboratories) diluted 1:100 to 
detect CD13 or desmin, respectively. To visualize plasma 
proteins, sections were incubated with donkey anti-rabbit 
Cy3 or bovine anti-goat Alexa Fluor 488 (Jackson Immu- 
noResearch) diluted 1:100 to visualize fibrin and thrombin, 
respectively. To visualize tight junction proteins, sections 
were incubated in donkey anti-mouse Alexa Fluor 488 
(Jackson ImmunoResearch) diluted 1:100 to visualize occludin 
and ZO-1 and for collagen IV-positive endothelial cells in 
donkey anti-rabbit Cy3, Alexa Fluor 488 or DyLight 649. To 
visualize motor neurons, sections were incubated with 
donkey anti-mouse Alexa Fluor 488 (Jackson ImmunoR- 
esearch) and bovine anti-goat Cy3 (Jackson ImmunoResearch) 
diluted 1:100 to detect NeuN and ChAT, respectively. 

In a separate set of studies, PFA-fixed microvessel 
preparations were blocked and permeabilized with 10% 
swine serum containing 0.05% Triton X-100. Microvessels 
were then incubated in the following primary antibodies: 
mouse a-mouse ZO-1 (1:50, Invitrogen), rabbit a-mouse 
occludin (1:100, Invitrogen) or rabbit a-mouse claudin-5 
(1:200, Millipore). To visualize tight junctions, microvessels 
were incubated in donkey anti-mouse Alexa Fluor 488 
(Jackson ImmunoResearch) or donkey anti-rabbit Alexa 
Fluor 488 (Jackson ImmunoResearch) to detect ZO-1 or 
occludin and claudin-5, respectively. To visualize endothe- 
lial cells, sections were incubated in DyLight 594-conjugated 
L. esculentum (tomato) lectin (Vector Labs) diluted 1:100. 

Tissue sections and microvessel preparations were 
mounted with fluorescent mounting media (Dako) and 
coverslipped. All slides were scanned with a custom built 
Zeiss 510 meta confocal laser scanning microscope with a 
Zeiss Apochromat x 25/0.8 NA water immersion objective 
(Car Zeiss Microimaging, Thornwood, NY, USA). A 488- 
nm argon laser was used to excite Alexa Fluor 488 and the 
emission was collected through a 500 to 550 nm band pass 
(bp) filter. A 543-nm HeNe laser was used to excite Cy3, 
Alexa Fluor 546 and DyLight 549 and the emission was 
collected through a 560 to 615 nm bp filter. A 633-nm HeNe 
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laser was used to excite DyLight 649 and the emission was 
collected through a 650 to 700 nm bp filter. A 800-nm 
tuned Ti:sapphire laser (Specra Physics, Irvine, CA, USA) 
was used to excite Hoechst 33342 and the emission was 
collected through a 435 to 485 bp filter. 

Image Analysis 

All image analysis was conducted utilizing NIH ImageJ 
software. All image analyses were performed by a blinded 
investigator. For pericyte coverage analysis, CD13-, 
PDGFRj^-, or desmin-positive surface area was determined 
by the ImageJ Area measurement tool and divided by the 
lectin- or collagen IV-positive capillary surface area, 
respectively, as we previously described (Bell et al, 
2010). For pericyte number analysis, PDGFRj^- or CD13- 
positive perivascular cell bodies located on the abluminal 
endothelial cell wall that co-localized with Hoechst- 
positive nuclei were counted using the ImageJ Cell Counter 
plug-in and expressed per mm^ lectin- or collagen IV- 
positive capillary surface area, respectively, as previously 
reported (Bell et al, 2010; Pfister et al, 2008). For tight 
junction protein analysis, Z0-1-, occludin- or claudin-5- 
positive immunofluorescent length was determined by the 
ImageJ Length measurement tool divided by the lectin- 
positive capillary surface area as we previously described 
(Bell et al, 2010). Values were expressed as mm tight 
junction length per mm^ capillary surface area. For motor 
neuron analysis, NeuN- and ChAT-positive cells were 
manually counted in the anterior horn of the lumbar spinal 
cord in six nonadjacent sections (^lOO^tim apart) and 
expressed as motor neurons per lumbar section as 
previously described (Jaarsma et al, 2008). 

For all analyses, a field size of 420 x 420 fim^ was utilized 
and 10 to 12 fiui maximum projection z-stack images 
were reconstructed. For all studies examining region 
variability, three randomly selected fields per section 
from three nonadjacent sections (~100/im apart) were 
analyzed. Six mice were analyzed per region. For studies 
utilizing rdgfrfi^^^ and Pdgfrfi^^^^^ mice, three randomly 
selected fields per section from three nonadjacent sections 
(~100jum apart) were analyzed. Three to four mice were 
analyzed per region. For studies utilizing isolated micro- 
vessels, a minimum of five randomly selected 420 x 420 fiin^ 
fields were selected per preparation (five mice per prepara- 
tion). Three to four independent preparations were utilized 
per parameter. 

Noninvasive Fluorometric Permeability Studies 

Regional BBB and BSCB permeability to fluorescent tracers 
of different molecular weights including tetramethylrho da- 
mine (TMR)-dextran (40,000 Da; Invitrogen), TMR-dextran 
(150,000 Da; Invitrogen) and Fluorescein-mega-dextan (MW: 
2,000,000) were determined as we previously described 
(Bell et al, 2010). Dextrans of multiple molecular weights 
were individually diluted to a final concentration of 10 mg/ 
mL and injected via the femoral vein at a volume of 0.1 mL. 
Orbital sinus blood samples were collected before injection 
and 2, 10, 15, 20, and 30 minutes postinjection. Following 
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30 minutes of fluorescent tracer circulation, animals were 
transcardially perfused with PBS containing 5 mM EDTA to 
remove residual tracer confined within the brain and spinal 
cord vasculature. Cortex, caudate, hippocampus, cervical, 
thoracic, and lumbar spinal cord regions were separately 
dissected. Tissues from each CNS region were individually 
weighed, homogenized in 10 volumes of 1% Triton X-100 
(Sigma- Aldrich), and centrifuged to obtain a supernatant for 
analysis. Plasma samples were diluted (1:25 to 1:100) and 
100 of plasma samples and brain homogenates (undi- 
luted) were then analyzed using a Victor fluorometric plate 
reader (Perkin-Elmer, Waltham, MA, USA). A wavelength of 
543 nm and 488 nm was used for excitation and emission 
was collected at 590 nm and 535 nm for TMR and 
Fluorescein, respectively. 

Calculation of Permeability-Surface Area (PS) Product 
from Fluorometric Permeability Studies 

The PS product (mL per gram per minute) was determined 
for each tracer in each CNS region by dividing the brain 
fluorescent intensity values by the integrated plasma 
fluorescent intensity value over 30 minutes of tracer 
circulation. The PS product was calculated using equation 
(1) as we previously described (Mackic et al, 1998). 

PS = Cb/(of CpxT). (1) 

Where Cb and o/^Cp are defined as the fluorescent tracer 
concentration in the brain (per gram tissue) and integrated 
plasma concentration, respectively, and T represents 
experimental time. 

Statistical Analysis 

All data were analyzed using multifactorial analysis of 
variance (ANOVA) followed by Tukey posthoc tests. Correla- 
tions were determined using Pearson's correlation analysis. 
A P value <0.05 was considered statistically significant in 
all studies. 

Results 

Blood-Spinal Cord Barrier Pericyte Coverage and 
Number Are Reduced in Comparison to Brain 

Pericytes represent a heterogenous cell population 
not covered by a single cell marker that is specific or 
inclusive (Armulik et al, 2011; Winkler et al, 2011). 
Therefore, both, Aminopeptidase-N (GDIS) (Armulik 
et al, 2010) and PDGFRj5 (Bell et al, 2010; Daneman 
et al, 2010; Lindahl et al, 1997; Winkler et al, 2010) 
previously established to be abundantly expressed in 
CNS pericytes were independently analyzed to 
determine CNS pericyte populations. Consistent 
with previous reports, quantification of the percen- 
tage of the capillary wall covered by pericyte cell 
processes positive for CD13 (Figures lA and IB) or 
PDGFR^ (Figures ID and IE) in the brain regions was 
-80% (Armulik et al, 2010; Bell et al, 2010; 
Daneman et al, 2010; Li et al, 2011) and did not 



vary in cortex, caudate, and/or hippocampus (Bell 
et al, 2010). In contrast, GDl3-positive and PDGFR^- 
positive pericyte coverages were significantly re- 
duced in cervical, thoracic, and lumbar spinal cord 
anterior horn capillaries covering only 59% to 55%, 
68% to 66%, and 52% to 48% of the endothelial cell 
wall, respectively (Figures lA, IB, ID, and IE). Next, 
using previously published methods (Armulik et al, 
2010; Bell et al, 2010; Pfister et al, 2008), we 
evaluated whether there were similar reductions in 
pericyte number that may contribute to the observed 
reductions in capillary coverage. Counting GD13- 
positive (Figure IG) or PDGFR^-positive (Figure IF) 
pericytes per mm^ capillary area revealed ^47% to 
45%, 28% to 33%, and 49% to 53% reductions in 
cervical, thoracic, and lumbar anterior horn pericyte 
number, respectively, when compared with the brain 
regions. 

Pericyte coverage and/or populations were not 
uniformly reduced within the spinal cord regions. 
For example, GDl3-positive pericyte capillary cover- 
age was much higher in cervical, thoracic, and 
lumbar white matter funiculi as evidenced by 
capillary coverage values of 68%, 75%, and 68%, 
respectively (Figures 2 A and 2B). Platelet-derived 
growth factor receptor jS-positive pericyte processes 
showed similarly higher white matter capillary 
coverage values of 73%, 73%, and 68% in cervical, 
thoracic, and lumbar funiculi (Figure 2D). GD13- 
(Figure 2G) and PDGFR^-positive (Figure 2E) pericyte 
numbers per mm^ capillary area were significantly 
higher in white matter regions when compared with 
gray matter. These data suggest that BSCB pericyte 
reductions are most pronounced in the spinal cord 
regions enriched with neuronal cell bodies. 



Reduced Pericyte Coverage is Correlated with 
Increased Blood-Spinal Cord Barrier Permeability 

To determine regional BBB and BSCB permeability in 
wild-type mice, we first injected the fluorescently 
conjugated vascular tracer cadaverine (MW: 350 Da). 
In vessels with tight barrier properties, such as the 
BBB, no residual tissue and/or intravascular fluor- 
escent signal was observed following perfusion 
(Figure 3A). In contrast, increased parenchymal 
fluorescence greatest in anterior horn regions were 
detected in cervical, thoracic, and lumbar spinal cord 
following perfusion, suggesting heightened barrier 
tracer flux (Figure 3A). Importantly, no significant 
differences in tissue autofluorescence were detected 
between brain and spinal cord as evidenced by the 
noninjected control (Figure 3A). Spinal cord accu- 
mulation of 40,000 Da and 150,000 Da dextans was 
not detected by microscopy (data not shown). 

To quantify the magnitude of vascular leakage and 
determine the molecular cutoff and size specificity of 
regional BSCB permeability changes, we next in- 
jected individual fluorescently labeled dextrans of 
different molecular weights and utilized a more 
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Figure 1 Pericyte number and coverage is reduced along blood-spinal cord barrier. (A) Confocal microscopy analysis of CD13- 
positive pericytes (green) and collagen IV-positive capillary profiles (red) in 2-month-old wild-type mouse cortex, caudate, and 
hippocampal brain regions and cervical, thoracic, and lumbar spinal cord regions (anterior horns). (B) Quantification of regional 
CD13-positive pericyte coverage of collagen IV-positive brain and spinal cord capillaries. Meanis.e.m., /7 = 5 to 7 animals per 
group. ^P<0.05 when compared with the brain regions; *P<0.05. (C) Quantification of regional CD13-positive pericyte cell 
number normalized to collagen IV-positive capillary surface area in the brain and spinal cord. Mean ± s.e.m., n = bto7 animals per 
group. ^P< 0.05 when compared with the brain regions; *P < 0.05. (D) Confocal microscopy analysis of platelet-derived growth 
factor receptor p (PDGFRj5)-positive pericytes (green) and lectin capillary profiles (red) in 2-month-old wild-type mouse cortex, 
caudate, and hippocampal brain regions and cervical, thoracic, and lumbar spinal cord regions. (E) Quantification of regional 
PDGFRj^-positive pericyte coverage of lectin-positive brain and spinal cord capillaries. Meanis.e.m., n = 7 animals per group. 
*P < 0.05 when compared with the brain regions; *P < 0.05. (F) Quantification of regional PDGFRj^-positive pericyte cell number 
normalized to lectin-positive capillary surface area in the brain and spinal cord. Mean ± s.e.m., n = 7 animals per group. #P < 0.05 
when compared with the brain regions; *P < 0.05. 



sensitive assay to measure residual tissue fluores- 
cence following perfusion as previously established 
(Bell et al, 2010). Analysis revealed -3.8-, 3.1-, and 
4. 3 -fold increases in barrier permeability to 
40,000 Da dextran in cervical, thoracic, and lumbar 
spinal cords, respectively, when compared with the 
brain regions (Figure 3B). Blood-spinal cord barrier 
permeability to 150,000 Da was also increased, albeit 
to a lesser degree, as evidenced by 2.3-, 1.5-, and 2.6- 
fold increases in PS product in cervical, thoracic, 
and lumbar spinal cord (Figure 3C). In contrast, there 
was no detectable leakage of mega-dextran 
(2,000,000 Da), indicating barely detectable values 
in all spinal cord and/or brain regions (Figure 3C). 
Importantly, heightened BSCB permeability to both 
40,000 Da (Figure 3D) and 150,000 Da (Figure 3E) 
showed a significant negative correlation with 
regional pericyte capillary coverage, suggesting that 
regional pericyte coverage reductions in the spinal 
cord are associated with permeability changes. 



Increased Blood-Spinal Cord Barrier Barrier 
Permeability is Associated with Reduced Tight 
Junction Protein Expression 

Pericyte reductions have been previously associated 
with reduced tight junction protein expression and 
misalignment (Bell et al, 2010; Daneman et al, 2010). 
To evaluate tight junctional proteins, we next mea- 
sured endothelial ZO-1, occludin, and claudin-5 tight 
junctional length in the brain and spinal cord 
capillaries. Tight junctional length measurements for 
ZO-1, an important adaptor protein linking transmem- 
brane junctional complexes to the underyling actin 
cytoskeleton (Zlokovic, 2008, 2011), revealed -42%, 
37%, and 47% reductions in cervical, thoracic, and 
lumbar spinal cord capillaries, respectively, when 
compared with the brain regions (Figures 4A and 4B). 
Similar analysis revealed even greater 62%, 37%, and 
65% reductions in the transmembrane tight junctional 
protein occludin complexes in cervical, thoracic, and 
lumbar capillaries, respectively (Figures 4C and 4D). 
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Figure 2 Subregional variation in spinal cord pericyte number and coverage between anterior horn gray matter and lateral and dorsal 
funiculi. (A) Confocal microscopy analysis of CD13-positive pericytes (green) and collagen IV-positive capillary profiles (red) in 2- 
month-old wild-type mouse anterior horn gray matter or dorsal columns for cervical thoracic and lumbar spinal cord. 
(B) Quantification of CD13-positive pericyte coverage of collagen IV-positive capillaries in anterior horn gray matter (gray) or 
dorsal and lateral funiculi (white) from cervical, thoracic, and lumbar spinal cord. Mean ± s.e.m., /i = 5 to 7 animals per group; 
*P < 0.05. (C) Quantification of CD13-positive pericyte cell number normalized to lectin-positive capillary surface area in anterior 
horn gray matter (gray) or dorsal and lateral funiculi (white) from cervical, thoracic, and lumbar spinal cord. Mean ± s.e.m., /i = 5 to 
7 animals per group; *P < 0.05. (D) Quantification of platelet-derived growth factor receptor p (PDGFRj5)-positive pericyte coverage 
of lectin-positive capillaries in anterior horn gray matter (gray) or dorsal and lateral funiculi (white) from cervical, thoracic, and 
lumbar spinal cord. Mean ± s.e.m., n = l animals per group; *P < 0.05. (E) Quantification of PDGFRj^-positive pericyte cell number 
normalized to lectin-positive capillary surface area in anterior horn gray matter (gray) or dorsal and lateral funiculi (white) from 
cervical, thoracic, and lumbar spinal cord. Mean ± s.e.m., n = l animals per group; *P < 0.05. 



Consistent with a previous report (Ge and Pachter, 
2006), no significant changes in the transmembrane 
tight junctional protein claudin-5 were detected in 
the spinal cord and brain capillaries (Figures 4E and 
4F). Together, these data suggest that BSCB perme- 
ability increases might arise from increased paracel- 
lular flow through diminished tight junctional 
protein complexes in BSCB regions with reduced 
pericyte coverage. 



Pericyte Deficiency Exacerbates Spinal Cord Capillary 
Leakage and Tight Junctional Abnormalities 

To more directly study the roles of pericytes in BSCB 
function, we next analyzed permeability and struc- 
tural changes in well-characterized pericyte-deficient 
Pdg/r^^^''^^ mice (Bell et al, 2010; Tallquist et al, 2003). 



Quantitative immunofluorescent analysis revealed 
39%, 39%, and 43% reductions in CDl3-positive 
pericyte capillary coverage in cervical, thoracic, and 
lumbar spinal cord capillaries, respectively (Figures 
5 A and 5B). Similar 40%, 35%, and 43% reductions 
in desmin-positive pericyte capillary coverage were 
observed in cervical, thoracic, and lumbar spinal 
cord (data not shown), thereby confirming that 
BSCB pericyte populations are further reduced in 
PdgfrP^^^^^ mutants and may serve as a valuable 
model to deduce BSCB pericyte function. 

We next evaluated whether BSCB pericyte defi- 
ciency directly exacerbates capillary leakage and 
motor neuron accumulation of the endogenous 
plasma proteins IgG and Fibrin (Figure 5C). Quanti- 
fication of extravascular IgG (MW: 150,000 Da) and 
fibrin (MW: 53,000 to 73,000 Da) demonstrated 
significant increases in spinal cord accumulation in 
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Figure 3 Heightened blood-spinal cord barrier (BSCB) permeability is highly correlated with regional reductions in pericyte 
coverage. (A) Regional fluorescent detection of intravascularly administered cadaverine (green) in 2-month-old wild-type spinal cord 
(longitudinal section, but not brain coronal section). Broken line represents outline of tissue section. Left, noninjection control; Right, 
injected mouse. (B, C) Blood-brain barrier (BBB) and BSCB permeability PS products for tetramethylrhodamine (TMR)-dextran 
(40,000 Da) (B) and TMR-dextran (150,000 Da) and fluorescein conjugated-mega-dextran (2,000,000 Da) (C) in 2-month-old 
mouse cortex, caudate, hippocampus, cervical, thoracic, and lumbar spinal cord. Mean ± s.e.m., n = 6 mice per group for TMR- 
dextran, n = 3 mice per group for mega-dextran. ^P<0.05 when compared with the brain regions; *P<0.05. (D, E) Negative 
correlation between the PS products for TMR-dextran (40,000 Da) (D) and TMR-dextran (150,000 Da) (E) and regional pericyte 
capillary coverage in 2-month-old wild-type mice, r, Pearson's coefficient. 



cervical, thoracic, and lumbar regions of Pdgfr^^^^^^ 
mice (Figures 5D and 5E). No strain-specific differ- 
ences in deposition of plasma-derived IgG (Figure 
5D) or fibrin (Figure 5E) were detected between 
nontransgenic mouse lines. Increased spinal barrier 
disruption led to neuronal accumulation of several 
potentially neurotoxic plasma proteins including 
thrombin (MW: 36,000 Da) (Figure 5F) and fibrin 
(Figure 5G) in lumbar spinal cord of PdgfrP^^^^^ mice. 
Similar results were obtained in cervical and 
thoracic spinal cord (data not shown). In contrast, 
plasma proteins were not seen to accumulate in the 
spinal cord of nontransgenic mice (Figures 5F and 
5G). These data suggest that increased BSCB disrup- 
tion caused by an additional pericyte loss in 
PdgfrP^^^^^ mice is required to render motor neurons 
vulnerable to accumulation of larger molecular 
weight and potentially harmful plasma proteins. 

To further deduce whether pericyte-associated 
BSCB permeability deficits were paracellular in 
character, we utilized similar immunofluorescent 



analysis of tight junctional complexes in PdgfrP^^^^^ 
mice as we did in nontransgenic mice. Analysis of 
ZO-1 tight junctional length revealed further 26%, 
21%, and 30% reductions in junctional length in the 
anterior horn of cervical, thoracic, and lumbar spinal 
cord from Pdgfrfi^^^^^mice when compared with age- 
matched nontransgenic mice (Figures 6 A and 6B). 
Similar analysis revealed 34%, 39%, and 51% 
reductions in occludin (Figures 6C and 6D) junc- 
tional length in anterior horn cervical, thoracic, and 
lumbar Pdgfr^^^^^^ mouse spinal cord. No strain- 
specific differences were detected in ZO-1 (Figure 
6B) or occludin (Figure 6D) tight junctional length 
between nontransgenic mouse lines. 



Pericyte Deficiency Contributes to Motor Neuron Loss 
in the Spinal Cord 

Previously, pericyte reduction and/or dysfunction 
and plasma protein leakage has been shown to 
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Figure 4 Reduced pericyte coverage along blood-spinal cord barrier is associated with reduced tight junction protein expression. (A, 
C, E) Confocal microscopy analysis of tight junction zonula occludens-1 (ZO-1) (A), occludin (C), or claudin-5 (E) immunodetection 
(green) in acutely isolated lectin-positive capillaries (red) from 2-month-old mouse cortex, caudate, hippocampus, cervical, thoracic, 
and lumbar spinal cord. (B, D, F) Quantification of endothelial ZO-1 (B), occludin (D), or claudin-5 (F) tight junctional length in 
acutely isolated vessel preparations from the brain and spinal cord regions. Meanis.e.m. /i = 3 to 4 preparations per group (five 
mice per preparation); < 0.05 when compared with the brain regions. 



contribute to neurodegenerative changes in the brain 
(Bell et al, 2010, 2012; Winkler et al, 2011). To 
deduce whether similar changes may contribute to 
motor neuron injury in the spinal cord, we first 
analyzed gross structural changes in the lumbar 
spinal cord of 13 -month-old PdgfrP^^^^^ mice and 
age-matched nontransgenic littermates. Bright-field 
microscopy analysis demonstrated reduced cellular- 
ity, especially in large cells morphologically consis- 
tent with motor neurons, in the lumbar spinal cord 
anterior horn of PdgfrP^^^^^ mice when compared 
with nontransgenic littermates (Figure 7 A). To con- 
firm motor neuron loss, we utilized an established 
technique to quantitate motor neurons (Jaarsma et al, 
2008). Analysis revealed approximately a 19% 
reduction in the number of motor neurons in the 
lumbar spinal cord anterior horn in PdgfrP^^^^^mice 
when compared with nontransgenic littermates 
(Figures 7B and 7C). 



Discussion 

Our findings suggest that as in the brain (Armulik et 
al, 2010; Bell et al, 2010; Daneman et al, 2010; Li et al. 



2011) and retina (Kim et al, 2009), pericytes contribute 
to vascular barrier properties in the spinal cord. 
Unlike the relative uniformity of pericyte capillary 
coverage and cell number in the brain regions (Bell 
et al, 2010), pericyte coverage and number are reduced 
in anterior horn spinal cord capillaries in wild-type 
mice. Consistent with previous reports (Daniel et al, 
1985; Pan et al, 1997a, b; Prockop et al, 1995), we 
found increased spinal cord capillary permeability 
most pronounced in the cervical and lumbar regions 
to multiple tracers < 150,000 Da, which correlated 
with reductions in pericyte coverage. The present 
study also shows that deficient PDGFRj5 signaling 
resulting from genetic mutations of cytoplasmic signal 
transduction domains in PdgfrP^^^^^ mice (Tallquist 
et al, 2003) leads to gross reductions of spinal cord 
pericyte populations. 

Previous work with pericyte-deficient mice identi- 
fied three potential mechanisms by which pericytes 
induce endothelial barrier properties: (1) reduction 
in vesicular transport and bulk flow transcytosis 
(Armulik et al, 2010; Daneman et al, 2010), (2) proper 
tight junctional alignment (Daneman et a7, 2010), and 
(3) promotion of endothelial tight junction expres- 
sion (Bell et al, 2010). Our findings suggest not only 
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Figure 5 Exacerbation of pericyte deficiency leads to overt blood-spinal cord barrier disruption and leakage of endogenous plasma 
proteins. (A) Confocal microscopy analysis of CD13-positive pericytes (green) and collagen IV-positive capillary profiles (red) in 6- 
month-old Pdgfrp^'^ and Pdgfrp'^^^^^ mouse cervical, thoracic, and lumbar spinal cord anterior horn. (B) Quantification of regional 
CD13-positive pericyte coverage of collagen IV-positive anterior horn spinal cord capillaries. Mean ± s.e.m., n = 3 animals per group; 
*P<0.05. (C) Representative confocal microscopy analysis of IgG (green), fibrin (red), and lectin-positive capillaries (blue) in 6- 
month-old Pdgfrp^^^ mouse lumbar anterior horn and anterior horn from Pdgfrf^'^^^^^ cervical, thoracic, and lumbar spinal cord. 
(D, E) Quantification of IgG (D) and fibrin (E) extravascular deposits in the spinal cord regions in tissue sections from 2-month-old 
B6SJI7F1 Pdgfr^^'^ , 6-month-old Pdgfr^^'^ 129Sl/SvlmJ, and 6-month-old Pdgfr^^^'^^ mice. Mean ± s.e.m., /7 = 3 animals per 
group; *P < 0.05. (F, G) Confocal microscopy analysis of thrombin (white) (F) or fibrin (red) (G) and SMI-31 1-positive neurons (blue) 
in 6-month-old Pdgfrp^'^ and Pdgfrf^'^^^^^ lumbar spinal cord. Arrows indicate neuronal accumulation. 



that increased BSCB permeability and regional peri- 
cyte reductions in the anterior horn of the spinal cord 
coincide with reductions in tight junction protein 
expression (i.e., ZO-1 and occludin), consistent with 
an increased paracellular flow model. However, 
further experimental elaboration is required utilizing 
mouse models in which pericyte deficiency may be 
rescued to definitely establish a causative relation- 
ship between pericytes, endothelial permeability, and 
the underlying molecular coupling. 

Overt vascular barrier disruption in the CNS results 
in parenchymal accumulation of multiple circulating 
plasma-derived proteins in neurons (Bell et al, 2010; 
Winkler et al, 2011; Zhong et al, 2008; Zlokovic, 
2011). Many plasma-derived products, including 
thrombin, fibrin, plasmin and hemoglobin, are neu- 
rotoxic and/or vasculotoxic at higher concentrations 



in the CNS (Bell et al, 2010; Chen and Strickland, 
1997; Mhatre et al, 2004; Paul et al, 2007; Zhong et al, 
2008). In the present report, pericyte reductions in 
Pdgfrf^^^^^^ mice correlated with increased BSCB 
permeability allowing larger toxic plasma proteins 
such as thrombin (Mhatre et al, 2004) and fibrin (Paul 
et al, 2007) to accumulate in motor neurons. In 
contrast, much less pronounced basal increases 
in BSCB permeability under physiological conditions 
in the spinal cord of wild-type mice, that is, a PS 
product for 40,000 Da dextran in the spinal cord 
under physiological conditions was nearly 20-fold 
lower than in PdgfrP^^^^^ mice (Bell et al, 2010), did 
not result in accumulation of larger toxic endogenous 
macromolecules in motor neurons in either of the 
nontransgenic mouse strains studied. It is of note, 
pericytes have been demonstrated to phagoc3^ose 
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Figure 6 Pericyte deficiency reduces blood-spinal cord barrier (BSCB) tight junction protein expression. (A, C) Confocal microscopy 
analysis of tight junction zonula occludens-1 (ZO-1) (A) and occludin (C) immunodetection (green) in anterior horn from 6-month-old 
Pdgfrp^'^ 129Sl/SvlmJ and Pdgfrp^^'^^ mouse cervical, thoracic, and lumbar spinal cord. (B, D) Quantification of endothelial 
ZO-1 (B) or occludin (D) tight junctional length in spinal cord anterior horn regions in tissue sections from 2-month-old B6SJI7F1 
Pdgfrp^'^ , 6-month-old Pdgfrp^^^ 129Sl/SvlmJ and 6-month-old Pdgfrp^^'^^ mice. Meanis.e.m. a? = 3 to 4 preparations per 
group (five mice per preparation); *P < 0.05. 
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Figure 7 Pericyte deficiency leads to spinal cord structural abnormalities and motor neuron loss. (A) Bright-field microscopy analysis 
of cresyl violet staining (purple) in the lumbar spinal cord anterior horn in a 13-month-old Pdgfrp^'^ and Pdgfrp^^"'^ mouse. Arrows, 
cells morphologically consistent with motor neurons. (B) Representative confocal microscopy analysis of NeuN-positive (green) and 
choline acetyl transferase (ChAT)-positive motor neurons (red) in the 13-month-old Pdgfrp^'^ and Pdgfrp''^'^^ lumbar spinal cord 
anterior horn. (C) Quantification of motor neurons per section in Pdgfrp^'^ and Pdgfrp^^""-^ lumbar spinal cord anterior horn. 
Mean ± s.e.m. n = 3 mice per group; *P < 0.05. 



multiple endogenous proteins and provide an im- 
portant clearance pathway for extravasated plasma 
components (Bell et al, 2010; Diaz-Flores et al, 2009). 
Therefore, chronic deposition of endogenous plasma- 
derived proteins in F7 pericyte-deficient mice likely 
reflect a combination of an increased influx following 
heightened barrier disruption and reduced pericyte- 
mediated clearance of these plasma proteins. In 



contrast, metabolically inert polar exogenous tracers, 
that is, dextrans, are not taken up by CNS vascular 
cells in vitro (Weksler et al, 2005; Zhu et al, 2010) or 
in vivo (Bell et al, 2010, 2012), and their detection in 
the CNS following acute injection reflects mainly 
barrier disruption in isolation of cellular clearance. It 
is of note, the PS products in the brain regions (e.g., 
cortex) obtained in B6SJLF1/J mice in the present 
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study for both 40,000 and 150,000 Da dextran are 
virtually identical to values obtained in 129Sl/SvlmJ 
wt mice cortices, as we reported (Bell et al, 2010), 
further supporting that changes in BSCB permeability 
are not strain-specific, but could be molecule-specific. 

Blood-spinal cord barrier disruption has been 
implicated early in multiple spinal cord disease 
processes including amyotrophic lateral sclerosis 
(Garbuzova-Davis et al, 2011; Zhong et al, 2008, 
2009), multiple sclerosis, acute spinal cord injury, 
and several others (Bartanusz et al, 2011). Whether 
BSCB disruption contributes to spinal neurodegen- 
erative changes is not known. Consistent with 
previous reports in the brain (Bell et al, 2010, 
2012), our data showing a loss of motor neurons in 
the lumbar spinal cord suggests that pericyte defi- 
ciency and/or breakdown of BSCB may contribute to 
motor neuron injury. Future studies are needed, 
however, utilizing inducible models of pericyte 
deficiency and/or genetic models to rescue pericyte 
deficiency to better establish the causative relation- 
ship between spinal cord microvascular changes and 
motor neuron injury. At the present time, the 
mechanisms of motor neuron cell death or whether 
neuronal dysfunction precedes cellular loss in 
pericyte-deficient mice are not known and should 
be addressed in future studies. Proper characteriza- 
tion of spinal cord pericyte populations in human 
spinal cord diseases may hold considerable promise 
to better elucidate the interface of vascular dysfunc- 
tion in spinal cord neurodegeneration. 
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